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Abstract
The study of metamaterials has brought about new changes in modem microwave communication
systems. As predicted by Veselago some 37 years ago, substances which exhibit simultaneously,
negative permittivity (F) and negative permeability (p) over a certain range of frequencies would
display some unusual phenomena such as backward waves, reversed refraction, backward
Cerenkov radiation, and negative refractive index. Because of these new features of left handed
materials, many structures such as split rings resonators (SRR) have been proposed in the
literature to artificially fabricate radio frequency and microwave components. Due to their bulk
properties, periodic arrays of SRRs provide a negative permeability. Therefore under the
fundamental limit of effective medium theory that the dimensions of the lattice are much smaller
than the wavelength, we can treat the array of SRRs as bulk material and retrieve its effective
parameters. Also because of size reduction and selective passband transmission spectra in planar
geometry, split rings resonators are designed under the fundamental limit (dimensions of one-
tenth of the wavelength or smaller), and as a result they constitute better candidates than their L-C
loaded transmission lines counterparts for microwaves applications. The generalized formula for
impedance-loaded transmission line is derived. The dispersion characteristic and impedance of
structures with periodic resonators are analyzed as well.
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Chapter 1
Introduction
1.1 Problem Statement
Since Veselago [1] predicted that a medium in which both the permittivity (E) and
permeability (p) are simultaneously negative, the study of Left-handed material has been
the subject of controversy. There have been hot debates over the topic whether or not
such medium could, in fact host propagation of electromagnetic waves. Until 1999, there
was not too much curiosity about the topic, due to the simple fact there was not any
experimental verification to Veselago's postulation. However since 1999, John Pendry
[2] et al have proposed the split-ring resonator, which, if driven to its resonant frequency
could display a frequency band in which the real part of (pt) is negative. It is known that
the wire medium exhibits a frequency band in which the real part of the permittivity is
negative, therefore if one could lower the magnetic resonant frequency of the split-ring in
such a way that it will overlap with the negative epsilon of the infinite metallic wires, one
would be able to fabricate a composite material or metamaterial. This was Pendry's main
idea about and has become the prototype in obtaining (p) negative.
Because we have not yet encountered any such material in nature, the above suggestion
seems to be working very well for many people. As a result Smith et al [3-6] have taken
the task to experimentally fabricate a metamaterial and verified its unique properties
among others, reversal of Snell's law, backward wave, reversed Doppler shift, negative
index of refraction. In addition to this, by using a slab of metamaterial, one will be able to
focus perfectly the image of an object. Moreover, we will be able to have sub wavelength
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focusing, but also there will be new possibility of fabricating perfect lenses [7-9]. All of
these are due to the property of metamaterials.
Although the split ring resonator and the rod was one of the first designs in the realization
of metamaterial, some of today's fabrication is solely based on split rings only without
the rod. The reason being that a better understanding of the structure has been developed,
that in addition to their magnetic resonant frequency, SRR also have electric resonant
frequency due to the mutual coupling between the loops [10-12]. Therefore the progress
in left handed material has gone from rings and rods to two splits rings resonators (SRRs)
diametrically opposite in order to achieve strong coupling between the rings, since we are
trying to lower the magnetic resonant frequency. And this is one way of doing it by
increasing the inductance or the capacitance of the structure.
Due to the bianisotropic effect of the edge side coupled, improved performance had been
proposed by Marques et al [11-12] that led to the design of the broadside coupled
structure. Contrary to the common view that left-handedness was mainly characterized by
the peak of the transmission spectra being within the stop bands of the SRRs alone and
wires alone, Kafesaki et al [13-15] have demonstrated that this was not always the case.
Rather for the composite metamaterial, the criterion for left-handedness is such that the
peak of the transmission spectra should be located above the magnetic resonant
frequency, caused by the split in the ring and the loop, and below the electric plasma
frequency of the single SRR, since the electric response of the SRR is equivalent to that
of cut wires. In addition to the orientation of the SRR with respect to the incident
electromagnetic wave, one can achieve electric, magnetic, or both electric and magnetic
coupling. These different couplings introduce bianisotropic effects that are undesirable in
the structure, and improved retrieval results have been obtained [16]. Since the close ring
also presents a dip in its transmission spectra, therefore to lift the ambiguity, Soukoulis et
al have conducted different experiments with two different rings with the same size and
same geometry. The only difference was that one ring is split whereas the other is closed.
The results show that both rings present the same dip in the same frequency band
identified as a plasma frequency corresponding to c negative in the higher frequency band
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whereas there was a dip observed only in the transmission spectra of the SRR in the low
frequency range, corresponding to pt negative. This led Soukoulis et al to conclude that
the split in the ring is essential to the left-handedness, since the closing of the split will
destroy the first dip in the transmission spectra corresponding to t negative.
It can be seen from these different arguments, that in order to have a LH band, one must
be able to control both the magnetic and electric resonant frequencies of the SRR. In
addition, one should be able to tune the electric resonant frequency to fall between the
magnetic resonant frequency of the SRR and its plasma frequency. The first step in doing
so would be to understand and study the dependence of the electric resonant
frequency co , and the magnetic resonant frequency o,. as a function of the geometry
parameters. Since simulation results have shown a strong dependence of the resonance
frequency of SRR as functions of gap width, metal thickness, orientation and size [17].
To better understand the concept of LHM, let us resort to Maxwell equations. Assuming
continuous waves, we know that the electromagnetic waves are time harmonic and
therefore the time dependence can be eliminated. Assuming all fields quantities to be of
the form e'(k"), we can write Maxwell equations as [19]:
kxt= pf (1-1)
k x P =-C8 K (1.2)
kI.E=0 (1.3)
kefy=0 (1.4)
It is seen from equations (1.1) and (1.2) that whenever p and e are both positive the
triplet (F,Hk) form a right-handed triplet, and whenever both p ande are negative,
then the triplet (F, H, k) form a left-handed triplet. The vector Poynting's power density
can be written as follows:
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S(F,t)=ExH= Ex(kxE)cos 2(k.F-cot)
-> 5(Ft)= k £ cos2 (0eF-ct) (1.5)
And the time-average vector power density is:
(F, t))= -I d(cot) 1 E cos 2(A .F-cot) ->2w(it =.2E(1.6)
2;T COP 2 cop
From equation (1.6), it is obvious that if both c and p are positive, then the time-average
Poynting's power density is in the same direction as the wave vector k, and opposite to
each other in the case where both c and p are simultaneously negative. As a result, the
index of refraction n = dp(co)&(co) is negative in certain frequency band. Therefore,
phase and group velocity of an electromagnetic wave propagate in opposite direction to
that of energy flow. This phenomenon also known as negative refraction has been
theoretically proposed by Veselago back in 1968 [1]. Unfortunately, there was not much
experimental verification done at that time to support his postulation. It was until late in
2000 that Smith et al [3, 4, 5, 6] reported the experimental demonstration of LHM by
stacking arrays of thin wires structures and SRRs in ID and 2D structures to form a
composite metamaterials (CMM).
Although negative refraction and left-handed behavior can be achieved by using 2D
photonic crystal, the present study will mainly focus on characterizing and identifying
left handed behaviors (both c and p are simultaneously negative) in the study of
resonators loaded periodic structures. One way of achieving negative effective
permittivity is to use periodic thin wires media. The challenge was then getting a negative
effective permeability. Fortunately in 1999, John Pendry [2] proposed the array of split
ring resonators, which exhibit negative effective p for frequencies near and above the
magnetic resonant frequency of the SRR.
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1.2 Thesis Outline
In Chapter 2, we talk about transmission lines modeling of resonators loaded periodic
structures, we provide a parallel study between the real transmission lines and the lumped
elements transmission lines, as well as a thorough analysis of the periodically loaded
transmission lines using the transfer matrices method. We derive the dispersion relation
using the ABCD matrix, and from it we derive the normalized Bloch impedance of the
unit cell. In section 2.3, we provide a generic formula for any loading configuration by
deriving the effective parameters of a T network. Section 2.4 deals with different cases
studies for different loading such as, capacitive loading, inductive loading, and any
possible combination of the two.
Chapter 3 deals with the actual design of our proposed structure. We first provided a flow
chart about how we are going to proceed for the analysis of the structure. Afterwards, we
tested our method by applying our analysis to a published structure by retrieving its
effective parameters in both subsections 3.1.2 and 3.1.3. In section 3.2, we recalled some
of our research in split-rings resonators, namely the S-structure, and the symmetric rings.
Chapter 4 deals with the design of the single ring structure that display negative
permeability behavior. In section 4.1, we provide a design for the real structure model
followed by a field analysis of the structure by the use of Maxwell equations. In
subsection 4.2.2 and 4.2.3 we contrast the simulations results between the close ring and
the split one, in order to explain the stopband observed in the split ring. Subsection 4.2.4
provides a detailed explanation for the observations made. Subsection 4.2.5 discusses the
retrieval of the effective parameters of the structure, assuming an effective medium
theory, and thereby compares the results to those of chapter 2 with transmission line
loaded of lumped elements resonators.
In section 5, we conclude the thesis work, which is by no means exhaustive. We present
our possible future work with applications to relevant topics of modem microwaves and
wireless communications.
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Chapter 2
Transmission Lines Modeling
2.1 Basic Transmission Lines Modeling
2.1.1 Real Transmission Lines
We start with a two-port description of a transmission line [19]:
V(0)
Two-pcct de.cnptimn of a tramnubsion line
Figure 2.1.1 Two-port description of a transmission line.
The voltage V(z) can be written in terms of the forward voltage V, and backward voltage
V as follows:
V(z) V, exp(-jkz) + V exp(jkz)
I(z)= YO (V+ exp(-jkz) - V exp(jkz)) (2.1.1)
Solving the above set of equations for V+ and V at z = 0 ->
V(z) cos(kz)
I(z) [-jYO sin(kz)
which is the inverse of the propagation matrix.
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I (Z)
V Z)
I -Zo sin(kz) V(0)cos(kz) _ 1(0) (2.1.2)
I I
2.1.2 Lumped Elements Transmission Lines
In the same manner we can use the lumped element model to approximate the continuous
transmission line by using its distributed parameters. Recall that Maxwell equations
applied to a parallel-plate transmission line reduce to the following pair of equations:
a a
-V(z,t)= -L -I(z,t)
az at (2.1.3)
a a
aI (zI)t)= -C-0V (z, t)
az at
Where L (inductance per unit length) and C (capacitance per unit length) are known as
circuit parameters. But since V (z,t) and I (z,t) are eigenfunctions of frequency to the
pair of equations (2.1.3) becomes:
a
-- V (z, t) = -jcoLl (z) (2.1.4)
az
a
-V(z,t)= -jcoCV(z) (2.1.5)
az
LAz I() LA. E(z+A z) LAz
cA W vcA.r cA.
I L, C
Lumped element apprximition of cantinuom line.
Figure 2.1.2 Lumped element approximation of continuous transmission line.
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2.2 Periodically Loaded Transmission Lines Analysis Using Transfer
Matrices
Consider the following periodically loaded transmission line
O--Izi Z3
Z2
U
d
4 / 0
Figure 2.2.1 One period of a transmission line loaded with T networks loads.
Recall the ABCD matrix, namely propagation matrix relates the voltage and current of
port 1 to the voltage and current of port 2 by the following relation [29]:
(2.2.1)
_ I j - _ -1 2-
Two-port
Network
S
12
-*0+
V2
Figure 2.2.2 Two-port network.
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I
+
V1
The Transfer Matrix relates the voltage and current of Portl to those of Port 2. The
following relation relates the Transfer Matrix and the S parameters:
= A B S= S
T -C , S= " J" (2.2.2)
-S2 S22_
BA+± CZ0 -D
S=
D
"2
2(AD-BC)
B
-A+ --- CZ0 +D
Zo
BD 4=A+ +CZO + D (2.2.3)
zo
Similarly we can relate the Z parameters to those of the transfer matrix.
= Z 12 A AD -BC]Z "(2.2.4)
-Z1Z2-C I D
==[A B ZT --
C D- Z 1
zI ) 2  j (2.2.5)Z17
Using the cascaded model for the loaded transmission line and treating the n'h cell as a
two ports network and without loss of generality we can set I = d.
A B] [ cos(kd)
C D jY sin(kd)
jZO sin(kd) 1
cos(kd) IL0 z Y 1I'jL][ ' 0iL
with Y, =
Za
Therefore the Dispersion relation in absence of the transmission line is:
Z±+Z32cosO=2+ Z
Z
(2.2.7)
For the dispersion relation for the loaded line as shown in figure 2.2.1, we use equation
(2.2.6),
A-+ D = 2cosO (2.2.8)
The general dispersion relation for the loaded line is:
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Z3
I
1
0
(2.2.6)
ZK Z Z? Z ZAcos 0=-{(cos kd) 2+ + 3 +J sinkd+(jYsinkd) Z+Z 3 + 3  (2.2.9)
2 
- Z " Z " Z ' Z ) _
Similarly, from the S parameters we can derive the forward and backward normalized
characteristic impedance of a unit cell at the reference planes defined for voltages and
current according to the formula:
Z 2B (2.2.10)
D-A± (A+D) _-4
Where ZB respectively ( ZB ) represent the forward normalized Bloch impedance
respectively (backward Bloch impedance).
2.3 Derivation of Effective Parameters from a T/Pi Configuration
Network Composed of Resonators
2.3.1 Transmission Line Loaded with Periodical T Bulk Insertions
Consider the network in Figure 2.3.1 below,
ZI Z3 Zi Z3
Zo j Z-0
Z2 Z2
d d
nti Unit cell
Periodicay loaded transmission line
n1V2n n1
S Zi 7-3
+n 70 Z2
Vii Vnii 1
V2n
d
One period of a transmission line with periodically inserted T networks loads
Figure 2.3.1 Transmission line loaded with periodical T networks loads.
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KCL and KVL give:
I+ =I,7 exp(-jO)
V+ =V exp(-jO)
V =V, cos(kl) - jZI, sin(kl)
11 = -jY V sin(kl) + I, cos(kl)
Applying Kirchhoff's current and voltage law at node n, we obtain:
n- = 2Vti2 + I (2.3.5) With Y, - Z2
V -,=ZIj ->V,= - ifSmr t n7 IZrr 1 ent = can - Z 1e 1xed
Similarly the current In,7+ can be expressed as:
Vn2 -V
nI = " 3 "
-> Vn2 -VI = Z n--I (2.3.7)
Combining (2.3.5) and (2.3.6)
> V,1 1 = Zi I + Z3 , + V1<1 (2.3.8)
Substituting equation (2.3.6) into (2.3.5)
->I (Y
Solving for I , we get:
In+I = 2 1+ I"nhi (2.3.9)
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(2.3.1)
(2.3.2)
(2.3.3)
(2.3.4)
(2.3.6)
- ZIInI) + IA
Substituting (2.3.8) into (2.3.9)
S1,=(1+ YZ 1 )
zY
(I +YZ1)J
1
±z3Ifl~l~(Il+ I))f+
= ( K 2 (Z3 ,I 1 + V 1
I+YZ1 )
)I(1+Y+Z)
> -> l = YK2(Z3,, + VJ )+ In] (2.3.10)
Substituting (2.3.10) into (2.3.8) leads to:
,= zI [Y (Z 3 I± + V,+,)±+InI +z 3 I+V,, (2.3.11)
Substituting (2.3.1) and (2.3.2) into (2.3.11) and equating it with (2.3.3) ->
+t = exp(-jO) {zI [Y, (Z 31n + VJ ) + I + Z31, + Vj } = V cos(kl) - jZOI sin(kl) (2.3.12)
Similarly substituting (2.3.1) and (2.3.2) into (2.3.10) and equating it with (2.3.4), we
obtain:
i= exp(-J]) [KI (Z3,J + V,) + ]= -jYV, sin(kl) + In cos(kl) (2.3.13)
( Z 3YI, + ZYV, + ZI , + Z3I,+ V, ) exp(-jO) = V, cos(kl) - jZ, sin(kl) (2.3.14)
(YZ 3I,+ YV, + I)exp(-j9) = -jYV, sin(kl) + In cos(kl) (2.3.15)
Rearranging equations (2.3.14) and (2.3.15) leads to the following system of equations
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=> Jn+ 1
V/ [(Z Y, +1) exp(-jO) - cos(k/)]= -I, [jZo sin(kl)+ (Z, Y2Z 3 + Z3 + Z, ) exp(-jO)] (2.3.16)
V, [jY sin(kl) + exp(-jO)Y]= I, [cos(kl) - (Y2 Z3 + 1) exp(-jO)] (2.3.17)
Multiplying equations (2.3.16) by (2.3.17) sides by sides ->
V [zO sin(kl) + [ZI + Z3 (ZIYY2 +1)] exp(-j1)] [(1 + YZ 3) exp(-jO) - cos(kl)] (2.3.18)
IP [jY sin(k/) + Y, exp(-jO)][(1 + Y;ZI)exp(-jO) - cos(kl)]
The impedance of the n'h unit cell is:
V
Zn = IV" ; (2.3.19)
In
Zn = [jZo sin(kl) + [ZI + Z (ZI, + 1)] exp(-jO)] [(1 + YZ,) exp(-j9) - cos(kl)] (2.3.20)[jY sin(kl) + Y, exp(-j9)] [(1 + YZj) exp(-jO) - cos(kl)]
Similarly, to derive the Dispersion relation we make use of equations (2.3.16) and (2.3.17).
This time by performing cross multiplication, we obtain:
V[jI [(I + Z i, ) exp(-jO) - cos(kl)] [cos(kl) - (I + YZ 3) exp(-jO)]=
-Vn, I jZo sin(kl) + exp(-j8) [Z3 (1+ YZ, )+ Z] [jYO sin(kl) + Y, exp(-jO)]
Simplifying by Vjn') will lead to:
[(I + Z, Y)exp(-jO) - cos(kl)][cos(kl) - (1+ YZ 3) exp(-j1)] =
- {jZo sin(kl) + exp(-jO) [Z3 (1+ YZI ) + ZI ] [jYO sin(kl) + , exp(-IO)]
The Left Hand Side of equation (2.3.2 1)
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LHS = (1 + Z,1Y2 ) cos(kl) exp(-jO) -(1 + YZ 3 )(1+ Zy, )exp(-j20) - cos 2(k/) +
(1+ Z 3 2 ) cos(kl) exp(-jO)
and the Right Hand Side is:
- sin 2 (ki) + jY 0 sin(kl) exp(-j9)[(1 + ZIY2 ) Z 3 + Z] +
RHS = - jYZo sin(kl)exp(-j)+ Y2 exp(-j29) [(Z, Y + 1) Z3 + Z I
(I + ZY, ) cos(kl) exp(-jO) -(1+ YZ 3 )(1 + Z1Y2) + (1 + YZ 3 ) cos(kl) exp(-jO) =
1 - jY sin(kl) [(1+ Y 1Z, ) Z, + Z, ] exp(-jO) - jYZO exp(-.jO) sin(kl) - Y [Z + (1 + ZY, )Z 3 ] exp(-jO)
Multiplying the above equation by exp(jO) ->
(1+ ZIY2) cos(kl) -(1+ Z 3Y2)(1 + ZIYK )exp(-j9)+ (1 + Z3Y2 )cos(kl) = exp(j]) +
-jY sin(kl) Z + Z3 (I + Z, )]- jYZO sin(kl) - Y Z [ , + (1 + ZY )Z 3 ] exp(-jO)
((1+Z,2)+(1+Z3Y2 ))cos(kl)+jY[Z, +(1+ZY)Z 3 ]+jY2Zo sin(kl) = exp(jO)+
exp(-jO){-Y z, +(1+ ZiY)Z 3 +(1+Z 3 ,)(1+ ZY)}
(2 + ZIY, + YZ 3)cos(kl) + jsin(kl)Yz (Z 1 ,)Z 3 ]+ YZ} exp(jO)+
exp(-jo){-YZ 
-YZ 3 -Y12ZZ 3±1±YZ + YZ 3 +Y2ZZ 3}
(2 + Z, Y + Y2Z 3 )cos(kl) + jsin(kl){Y [Z, +(1+ Z, Y2)Z 3] + YIZO = exp(jO)+ exp(-jO)
(2+ ZY, + Y2 Z3)cos(kl)+ jsin(kl)IY [Z, +(1+ ZY9 )Z3 + Y2 ZO} = 2cos(9) (2.3.22)
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Hence the Dispersion relation is:
cos(O) = (2+Z, + YZ 3 )cos(kl)+ jsin(k)Y [Z, + (1 + Zy2 )Z] + Y2Z0} } (2.3.23)
Notice that equation (2.3.23) and (2.2.9) are the same.
2.3.2 Transmission Line Loaded with Periodical Pi Bulk Insertions
0
Zc
O 0- Zb .
Z o
Za
d
0D
Figure 2.3.2 One unit cell of a transmission line loaded with Pi networks loads.
To derive the Impedance and Dispersion formulas for the Pi network we make use of the
following transformations derived from elementary circuit theory [31].
Using elementary circuit theory [31] we can relate the impedances between the T
configuration and the Pi configuration by the following relations:
Z, + Zb ± Zc
Pi to T configuration: Z, = " - (2.3.24)
Z, + Zb + ,
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And similarly we can get the impedances relations between the T to Pi configuration as
followed:
Z = ZAZ + ZAZ+ Z"Z3
Z 3
Zb-Z +ZAZ+ZZ3
Z 2
(2.3.25)
Z =ZAZ + ZAZ + ZAZzi
Likewise, if we substitute equation (2.3.24) into equation (2.3.23) and after some
calculations we obtain the dispersion relation for the 7c network as follow:
2+ (" cos(kl)+ jsin(kl)
Y I
y yL-+-L 1+
Y Y
1 1 Y1
Y, -+-I
a j
2.4 Analysis and Applications to Different Case Study
2.4.1 Unloaded Transmission Line
Consider the unloaded transmission line of figure 2.4.1 shown below. In all the following
cases study, the length of the transmission line is taken to be d =1cm and with
characteristic impedance ZO = 50Q .
Zo
d
Figure 2.4.1 Unloaded transmission line of length d=lcm.
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cos(O) -
2
(2.3.26)
Letting Z, = Z3 =0; and Y2 = 0;
The Dispersion equation (2.2.9) < cos 9= cos(kd) (2.4.1)
As a result, as the periodically loaded impedance approaches 00, which is equivalent to
the regular line with no insertions, we have cos 9= cos(kd) <o 9= kd
For the periodical line, the values of 9= kd are confined by the limits 0 and 7r [30]
4.5 F
4
C
LI.
3.5F
3
0.51-
-1 .5 -1 -0.5 0 0.5 1.5
0/rad
Figure 2.4.2 Dispersion curve for the unloaded transmission line of Figure 2.4.1.
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Figure 2.4.3 Impedance of the unloaded transmission line.
In absence of the loading, the impedance of the line should be equal to that of the intrinsic
impedance Zo , 5OQ as shown in the figure above.
2.4.2 Periodical Capacitively Loaded Transmission Lines
Consider a transmission line with lumped periodical capacitive insertions as shown below.
p J
Zo=50a
C_load
0
d
Figure 2.4.4 One period of a transmission line with periodical capacitive loads.
Letting Z, = Z = 0; and Y = joC,,,,d > (2.2.9) becomes:
Z
cos0 = cos(kd) - -ocoC,,,,sin(kd) (2.4.2)
2
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which is the dispersion relation for periodic
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Figure 2.4.5 Typical
-3 -2 -1 0 1 2 3 4
0/rad
dispersion curves for periodical capacitively loaded transmission lines
with Cload=lpF and Zo = 50Q.
We observe a passband in the low frequency range and a stop-band in the high frequency
range. This is because at low frequency the capacitor behaves as an open circuit with very
large impedance, thereby passing all the low frequencies and attenuates the higher ones.
Therefore the periodical capacitively loaded line behaves as a low pass filter.
From equation (2.4.2), it is obvious that when the magnitude of the right hand side is less
than or equal to unity, we have a passband. Otherwise, the wave becomes evanescent and
we have a stopband. As frequency (w) increases, we can have an infinite number of
passbands, but they become narrower and narrower.
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capacitively loaded transmission lines.
2.4.3 Periodical Inductively Loaded Transmission Lines
Consider the transmission line of figure 2.4.6 below. Letting ZI = Z3 =0;
and Y = ->(2.2.9) becomes:
jCoL0 ad
cos 0= cos(kd) + 2 sin(kd) (2.4.3)
2OJ>Lload
Zo=50D
L-load
-4 d
Figure 2.4.6
LL
50
40
30
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10
One period of a transmission line with periodical inductive loads.
-4 -3 -2 -1 0
9/rad
1 2 3
Figure 2.4.7 Typical dispersion curves for periodical inductively loaded transmission lines
with L_load=lnH and Zo = 500.
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We observe a low-frequency stop band due to very low impedances of the inductor. In low
frequency, the inductor behaves as a short circuit. As a result, the periodical inductively
loaded transmission line is a high pass filter in the lower part of the frequency spectrum. In
a similar way, when the magnitude of the right hand side of equation (2.4.3) is less than or
equal to unity, we have an infinite number of passbands but as frequency increases they
become wider and wider. Otherwise the wave experience cut off and we have stopbands.
2.4.4 Periodical Transmission Line Loaded by a Series Inductance
and Shunt Capacitance
Consider the transmission line with periodic loads composed of a series inductance and
shunt capacitance as shown in figure 2.4.9 below.
Liload
C load
d
Figure 2.4.8 One unit cell of a Transmission line loaded with series inductance and shunt
capacitance with Zo=50 Q, Lload=lnH, and Cload= IpF.
Letting Z3 = 0; Z, = jcoL,,d and Y2 = jcOC,,,d > (2.2.9) becomes:
cos0 = 1[(2 -C2LadCoad) cos(kd)-co(ZOCI,,d + YoLoa 4 sin(kd)] (2.4.4)
The above equation represents the dispersion relation for Figure 2.4.8.
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Figure 2.4.9 Dispersion curve for Figure 2.4.8.
2.4.5 Periodical Transmission Line Loaded by a Series Capacitance and Shunt
Inductance
Consider the transmission line with periodic loads composed of a series capacitance and
shunt inductance as shown in figure 2.4.10 below.
C load
Zo
L_load
d
Figure 2.4.10 One unit cell of a Transmission line loaded with series capacitance and
shunt inductance with Zo=50 Q , L_load=lnH, and Cload=lpF.
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1 1Letting Z3 =0; Z = and Y =(2.2.9) becomes:
JC 2 jCaload
cos 0 =
2CO2LloadGload 1)cos(kd)+co(YOLd +ZOCd sin(kd))
2w2LO~dClod
501
0
L-
2U
10 -3 -
1 0
I I|
S -3 -2 -1 0 1 2 3 4
Gfrad
Figure 2.4.11 Dispersion curve for Figure 2.4.10.
The phase velocity v=o
V,=k#
and 9= k,,d -> COdV =0
cod
Vp =
a cos
(2CO2LjdCOd -1) cos(kd)+co(YOLOd + ZOC,,oad sin(kd))
2 w2LOadCoad
and the group velocity Vg = Vco > =Vg (2.4.7)
elf
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(2.4.5)
F
(2.4.6)
IKFI
To better understand the concept of left-handedness, let us look at the plots of both phase
and group velocities versus frequency. In order to do this we need to distinguish between
the following two cases:
2.4.5-a In Absence of Transmission Line
The dispersion relation is as followed:
Cos 0 = 26 2L O'dCjd -12C 2 Lod Cload
50-
40
10
" 20
10
(2.4.8)
-3 -2 -1 0
91rad
1 2 3 4
Figure 2.4.12 Dispersion curve for the structure of
transmission line.
figure 2.4.10 in absence of the
We observe a negative refraction from 2.46 GHz to 60
velocity is negative and is verified in the plot below.
GHz, which means that the group
34
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Normalized Group Velocity in Absenco of Transmission Line
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Figure 2.4.13 Group velocity for the structure of figure 2.4.10 without the transmission
line.
Normalized Phase Velocity In Absence of Transmission Line
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Figure 2.4.14 Phase velocity for the structure of figure 2.4.10 without the transmission line.
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As seen above in figures 2.4.13 and 2.4.14, it is obvious that the group velocity is greater
than the speed of light c whereas the phase velocity is smaller. Therefore, this is not a
physical system and it does justify the use of transmission line. It is important to know all
the information pertaining to the group velocity since the wave propagation and direction
are determined by the group velocity rather than the phase velocity [32].
2.4.5-b In Presence of Transmission Line
In presence of the transmission line the dispersion curve is the same as that of figure
0.2
C.
E -0.2
z
-
0
.4
-0.61
-n
10 20 30
Froquoncy/GHz
40 50
2.4.11.
60
Figure 2.4.15 Group velocity for the structure of figure 2.4.10.
6)
We notice that the group velocity is negative for -<2.7GHz and also that the group
2vr
velocity is always less than the speed of light c.
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Figure 2.4.16 Normalized phase velocity for the structure shown in figure 2.4.10.
Contrary to the group velocity, the phase velocity is greater than the speed of light in a
wide band of frequency and the normalized value is greater than 1. It becomes zero
between 3.4- 6.4 GHz, and between 30.5- 31.2 GHz. It becomes infinity at the reflection
point 2.7 GHz.
2.4.6 Periodical Transmission Line Loaded by a Resonant Parallel Connection of a
Capacitance and Inductance
Consider a transmission line loaded by a resonant parallel connection of figure 2.4.17:
Zo=50L
C-load Liload
d
Figure 2.4.17 One period of a transmission line loaded by a resonant parallel load.
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0; andY2 = jCload + . > (2.2.9) becomes:
j o-),ad
cos 0= cos(kd)
60
N -+
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Figure 2.4.18
(OCoad - I sin(kd) (2.4.9)
COLad)
1 2 3 4
Dispersion curve for a periodical transmission line loaded with a resonant
parallel connection of an inductance and capacitance.
At lower frequencies, the inductance of the parallel resonant connection dominates;
therefore the periodical transmission line loaded by a parallel connection behave as a high
pass filter in the lower end of the frequency spectrum. At higher frequencies however, the
capacitance dominates, and the overall resonant parallel connection behaves as a low pass
filter. The resonant frequency of the connection is found to be f0 = 5.04GHz for
Lload=lnH and C_load=lpF.
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2.4.7 Periodical Transmission Line Loaded by a Series Capacitance and Inductance
Consider the transmission line shown in figure 2.4.19 below:
C_Load
zo=50L1
Figure 2.4.19 One unit cell of a Transmission line loaded with series capacitance and
inductance with Zo=50 0, Lload=lnH, and C-load=IpF.
1Letting Z, =. + jo)Ld ; Z3jC)Clod
cos9Cos 0= - 2cos(kd)
2
60
= 0 and Y, = 0 in equation (2.2.9), the dispersion relation
jy0 (1- 02L Cl d) sin(kd)
oCad
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Figure 2.4.20 Typical dispersion curve for the structure shown in figure 2.4.19.
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is:
(2.4.10)
7
24
The structures shown in figures 2.4.17 and 2.4.19 are equivalent except that the second
passband of the structure shown in figure 2.4.19 is wider.
2.4.8 Periodical Transmission Line Loaded by a Resonant Series Connection of a
Capacitance and Inductance
Consider a transmission line loaded by a series connection of figure 2.4.21 below.
Zo=50.l
C_load
L_Load
d
Figure 2.4.21 One period of a transmission line with a resonant series connection with
L load=InH and Cload=1pF.
Letting Z, = Z3 = 0; and Y, = =>(2.2.9) becomes:
.cc,' + jwoLl", )
Thus the dispersion relation is cos 0 = cos(kd) - cu/,oi " sin(kd) (2.4.11)
2 J-2 L,,,IC
40
-3 -2 -1 0
Wrad
1 2 3 4
Figure 2.4.22 Dispersion curve for a periodical transmission line loaded with a resonant
series connection of an inductance and capacitance of figure 2.4.21 with L load=2.6lnH
and Cload=O.017pF.
Using the same analogy, in the series connection on the other hand, the capacitance
dominates at low frequencies and we observe a pass band. As a result, the periodical
transmission line loaded by a series resonant connection behaves as a capacitor.
At higher frequencies however, the inductor dominates and the load behaves as an inductor.
It is of particular interest to also plot the S-parameters for the resonant structure of figure
2.4.21. From the ABCD matrix, we can derive the S parameters by using the appropriate
conversion between two-port network parameters [34].
A+B '-CZo-D 2
SA+BZ +CZo+D A+ z +CZo+D
-A+B 
-CZO +D 
_ 2(AD 
-BC)
22 A+zB + CZO+D A+ +CZO+DZo Z
(2.4.12)
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Figure 2.4.23 S-parameters for the structure of Figure 2.4.21 with Lload=2.6lnH and
C_load=O.OlpF with a stopband at f0 = 23.4GHz
From the S-parameters and the impedance Z, we calculate the index of refraction using the
following equation:
C 0
Vpha=e cod
with 0 = k 4 d
(2.4.13)
(2.4.14)
From the above equations we can retrieve the per unit length inductance (L'= Uff)
respectively the per unit length capacitance (C'= eff) according to:
kZ+
= ef B
k
PeffZ
-eff 
+C)B
with ZI =
(2.4.15)
(2.4.16)
2B
D - A + A +D) -4
(2.4.17)
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Figure 2.4.25 Imaginary part of the index of refraction for the structure shown in figure
2.4.21.
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teal part of the inductance per unit length L' of the effective line shown in
figure 2.4.21.
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Figure 2.4.27 Real part of the capacitance per unit length C' of the effective line shown in
figure 2.4.2 1.
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2.4.9 Periodical Transmission Line Loaded by a Shunt Capacitance and
Inductance in Series
Consider the transmission line of figure 2.4.29 shown below. Again by using the same
procedures, we can derive the dispersion relation by letting:
Y2 Z3 = 0; and Z, = jo; in equation (2.2.9), the dispersion relation is:
I:OCd +
CLoad
1 Y2k oJ~ a oad, sin(kd )
cos =- 2cos(kd)- 1o~ C
2 1-_Coa2 Ll oad
(2.4.18)
C_toad
Zo=o50a
L-load
0
d
Figure 2.4.28 One period of a transmission line series loaded with a shunt inductance and
capacitance with Zo=50 Q , Lload=lnH, and Cload= IpF.
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Figure 2.4.29 Dispersion curve of the structure shown in figure 2.4.28 with LLoad=.92nH
and C_Load=.05pF.
Since the structure exhibits a resonant frequency at 23. 4 GHz, it is important for us to plot
its S parameters, which will be very useful in determining the effective parameters of the
structure in the subsequent chapters.
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Figure 2.4.30 S-parameters for the structure shown in figure 2.4.28.
Again we notice a stopband at 23.4 GHz, which undoubtedly establishes the equivalence
between the structures in figure 2.4.21 and the one in figure 2.4.28. The two cases are dual
topology of each other. Because of fundamental limit in the ring design, considerations
such as losses, quality factor and bandwidth, will be the determining factors in choosing the
correct model for our resonator.
47
Chapter 3
Ring Designs and Analysis
In this chapter, we present the methodology of the ring structures, as well as numerical
simulations of several designs.
3.1 Analysis Methodology
The methodology can be summarized by the following figure:
Transmission ,Analytical Formula for_
Line modeling Permittivity/Permeability
Structure/Circuit
Comparison
Geometry/Simulation S-Parameters + Retrieval of
CST Microwave Effective Parameters
Studio Permittivity,Permeability
Figure 3.1.1 Block diagram of the proposed study.
First, we see how we can apply the upper branch for the analysis of a published structure.
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Consider the resonator [23], which is a model of a LHM structure composed of SRRs and
rod, in which the series element represents the SRR, and the shunt element represents the
rod.
Figure 3.1.2-a Geometry of the resonator model 1 composed of
split ring resonators and rod.
RMMIlator MOdi I 403 pF
L-s=12.56nH/
L-r=6.28 nH
C_ d=0.08 85 p?
L-sh=31.79 nHs=.85p
Figure 3.1.2-b Unit cell of the equivalent transmission line circuit of resonator model 1
composed of SRR/wire.
In analogy to the general case of T-loaded transmission line, we find the dispersion relation
for the unloaded line of the resonator model 1 as plotted below in figure 3.1.3 with Z1
representing the SRR, Z2 the rod and Z3=0 by analogy with the T network loaded
transmission line.
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Figure 3.1.3 Dispersion curve for the resonator model 1.
From 0-1 GHz, the wave is evanescent on the line. From 1-1.22 GHz, the wave propagates
on the line with group and phase velocity in opposite direction (negative refraction). The
wave experiences another cut off from 1.22 GHz to 3 GHz, and finally from 3 GHz-5 GHz
the wave propagates again on the line with both group and phase velocity in the same
direction (positive refraction).
3.1.1 S Parameters and Impedance:
Using our transmission line modeling of resonators, we quickly can derive the S-
parameters from the ABCD matrix, since a transmission line is nothing but a two port
network by using equation (2.4.12).
50
1.5 2 2.5
frequency/GHz
Figure 3.1.4 Magnitude of S-parameters for the resonator modell.
Notice the stopband at 1 GHz due to pt<O equivalently real part of the inductance per unit
length L' being negative.
Impedance
S 3.5 4 4.5 5
LoilgZj
---- Imag(Z)|
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Frequency/GHz
Figure 3.1.5 Real and Imaginary part of impedance (Z,,) for the resonator model 1.
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From 0-1 GHz, the wave experiences cut-off because the real part of the impedance Z is
zero. From 1-1.22 GHz, we observe propagation with low impedance. The wave undergoes
another cut-off between 1.22-3 GHz identified as the plasma frequency, for the real part of
epsilon equivalently Capacitance per unit length (C ') goes to zero. Finally from 3-5 GHz
the wave propagates again with higher real part impedance values.
3.1.2 Retrieval of Index of Refraction:
The Index of refraction can be computed using the following formula:
9
n = -- c (3.1.1) with the constraint that imag(n) 0 (3.1.2)
cod
Index of Refraction
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Figure 3.1.6 Retrieval of index of refraction (real and imaginary part) for the resonator
model 1.
From the Impedance Z,, we derive the per unit length capacitance and Inductance using the
fact that the wave impedance r7= k = -o-( (3.1.3)
wo& k
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(3.1.4) which corresponds to pff
(3.1.5) which corresponds to e
and L= 0 is the free space intrinsic impedance.
3.1.3 Inductance and Capacitance per Unit Length
Inductance per Unit Length (L )x 1O- 5
1 .- Real~iy,
0-
-1-
0 0.5 1 1.5 2 2.5 3 315 4 4.5 5
Frequency/GHz
x 10
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3.5 4 4.5 5
Figure 3.1.7 The inductance per unit length for the resonator model 1.
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Figure 3.1.8 The Capacitance per unit length for the resonator model 1.
At 1 GHz, real(p)<O while real(s)>O, as a result the wave experiences cut-off. Between 1-
1.22 GHz, both real(p) and real(&) are negative, which corresponds to the left-handed
band. As a result, the real part of the index of refraction is also negative. In this particular
frequency band, phase and group velocity are opposite. This phenomenon is also called
negative refraction.
3.2 Numerical Simulations of Rings Structures
One of the main concerns in the study of resonators is the quality factor Q and the effects
of losses. In the study of metamaterials, it is well known that having a better LHM
implies having a better resonator because low losses imply high Q.
As a result, the question remains about the choice of the structure that models the
resonator. Is it a single ring or a double one? What are the choices of the type of split
rings that need to be used? Is it the S-ring, the symmetric ring, or the omega ring?
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One of the main argument for fabricating left handed materials, was to have a negative
mu (R) in a certain frequency band in such a way that it would overlap with the negative
(c) of the array of cut wires. In what follows, we will show that one ring is quite enough
to achieve negative permeability behavior.
3.2.1 S-Structure
0.61mm
Figure 3.2.1 Unit cell of a periodic S-ring resonator. The structure is periodic in both the
z and y-axis. The period in z is 5.5mm and 1.22mm in the y direction.
As predicted in references [2] and [18], that in addition to the negative permeability
response, the S-SRR also exhibits a negative permittivity response that is in the same
frequency band. As a result, the S-split ring resonator acts in a same way as the array of cut
wires that display a negative epsilon below its plasma frequency.
Analytic calculations suggest that both eff and pff [32], [33] can be written as:
2 2
= ep o (3.2.1)
'Eeff =1 2 2 (321
Ctr - C0+7
2 2
p =1- , "'p ' (3.2.2)
or o ;;+17M
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where co = 2rf, o, (com.,) is the electric resonant low-frequency edge respectively
(magnetic resonant frequency), and co> (Com,) represents the electric (respectively
magnetic) plasma frequencies, and 7, (7,) is the corresponding damping factor.
Using CST Microwave Studio, a commercial software that perform a full wave simulation
based on finite difference time domain analysis, we run the simulation of the structure
shown in figure 3.2.1 and obtain the scattering parameters. We did use the PEC boundary
conditions on the xy plane and PMC boundary conditions on the xz plane. The wave vector
is propagating on the x direction.
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Figure 3.2.2 Simulation results of scattering parameters (magnitude and phase) for the S-
structure shown in figure 3.2.1, with stopbands at 33.8, 57.3, and 67.1 GHz. An important
remark is the passband displayed at 27.3 GHz in the S-structure transmission spectra.
3.2.2 Two Split Ring Resonators of Square Shape
Consider the broadside coupled of figure 3.2.3. As mentioned in reference [12], in order to
avoid bianisotropic effects, the geometry has been chosen in such a way that the two split
rings couple symmetrically.
56
-U 
- S1
%-Pas" of SI I
%Pase of S21 *
- I
0
-
Figure 3.2.3 Broadside coupled double ring resonator of square shape.
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Figure 3.2.4 Simulation results of S-parameters (magnitude and phase) for the structure
shown in figure 3.3.1 with, stopbands at 22.18, 24, 75.31 and at 79.02 GHz.
3.2.3 Double Circular Ring Resonator
The purpose of showing the double rings is to contrast it with the single ring thereby
showing that you can still obtain a stopband.
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Figure 3.2.5 Broadside coupled of a double circular split ring resonator.
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Figure 3.2.6 S-parameters from MWS simulation for the structure shown in Figure 3.2.5
with two stopbands at 25.89 and 27.71 GHz.
After analyzing the two different structures, the square symmetric ring, and the circular
rings, we notice one thing in common in their respective transmission spectra, that is,
they all display stopbands. Therefore in modeling resonators as lumped elements L-C
equivalent circuit transmission lines, it is necessary to have a loop for the inductance and
a gap or interruption to model the capacitance.
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Chapter 4
Design of Single Ring Resonator
Since the development of metamaterials has been reported in the scientific literature, split
ring resonators have played a tremendous role in obtaining negative permeability.
Because such materials were not found in nature, there was an urgent need to fabricate
them in order to verify their unique properties, since left handed materials require a
simultaneous permittivity and permeability in the same frequency band. After Pendry [2]
propose the circular split ring resonators(SRRs) for achieving negative permeability,
Smith et al [3-4] have experimentally proposed and verified the first LHM structure
operating in the microwave region. Since then, SRRs have constituted building blocks for
fabricating metamaterials.
4.1 Analysis and Retrieval
Figure 4.1.1 A 3D view of the proposed structure.
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4.1.1 Analysis
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Figure 4.1.2 Planar circuit version of the proposed structure.
Assuming that the structure is infinitely long in the y direction and neglecting the fringing
a
effects = 0, we can write the fields quantities as:
ay
E=E (4.1.1)
H =H,,
Partitioning the volume into two different sets [18] and letting f, respectively fo be the
fractional volume occupied by the planar structure respectively occupied by the remaining
of the unit cell, and assuming a planar geometry of negligible thickness, we can write
Maxwell equations: . -.
V x E =icopoH (4
V x f= -icoe (z
V-=0 (4
V-bD=0 (z
From equation (4.1.2) we can calculate the flux as:
.1.2)
4.1.3)
.1.4)
4.1.5)
60
I
f V x E-ds = fE-di = icop R-ds = icop Hab (4.1.6)
Assuming a uniform H in each cell, we can write:
HIf + HOfO = H (4.1.7)
Applying the boundary conditions:
f(V x fi.s =cf.dI H, - HO = j, (4.1.8)
HO = H - jfl (4.1.9)
where j, = (4.1.10) is the surface current density.
Evaluating the emf of loop f, and using equation (4.1.7) we obtain:
J Z-Edi = icopf H A with A = ab
(4.1.11)
I 1
C, 
-c
Combining (4.1.10) and (4.1.11) we can calculate the surface current density as:
.icopH f A
=  f (4.1.12)
l(r + )
Csco
p/=p and p,,
B H
p0 H0 H0
>pe = jH -jf
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(4.1.13)
= , + I fdt
C,
H = HI + i (f -1)
But > pff =+ 
.
iyHf 2AiopOHI A
l~,+ )
icopo H, f, A-H
l(r%+ )Ca)o
:> p: =1-
( co 0C~I;)A -) ± ilrC, C
under the form pg =F- , (4.1.16) as proposed in [2]
(cw2 - cw2)+±icoy
Therefore we can derive the induced elements from the above equations as follow:
2r
Peff =1 -
(C02 /IAC
icoir
p ,f A
with co /poCS f A
pofA
(4.1.17)
L = yof A
6 I
C =
g
From equation (4.1.17), we can tune the resonant frequency to a desired value by changing
the parameters of the geometry (1, g, c, A).
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(4.1.14)
(4.1.15)
4.2 Simulations and Retrieval
4.2.1 Single Split Ring Resonator of Square Shape
3.8nur
L
Mmm3.2mm
Figure 4.2.1 Single split ring resonator of square shape. The magnetic field is along the z-
axis and the electric field is on the xy plane, and the k vector (propagation) is along the -x
direction. For strong coupling, we put the E field along the y-axis and the H field is along
the z-axis.
Consider the front view of the structure shown in figure 4.2.1. Using CST MWS with
appropriate boundary conditions PMC in xy planes and PEC in xz planes we obtain the
simulation results below:
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Figure 4.2.2 Front view of the structure shown above.
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Figure 4.2.3 S-parameters (magnitude) from MWS simulation for the single square split
ring with two stopbands at 23.4 and 70.9 GHz.
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4.2.2 Single Circular Split Ring Resonator
Figure 4.2.4 Single split circular ring with same dimensions as the square one.
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Figure 4.2.5 S-parameters (magnitude)
frequency/GHz
from MWS simulation for the single circular SRR.
Even with the use of a single split ring whether square or circular, we still obtain two stop
bands at 27.2 and at 77.9 GHz. Therefore the question remains that with both double ring
and single ring we obtain stopbands. Consequently we decide not to use two rings in order
to obtain a stop band with a negative effective permeability.
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4.2.3 Close Ring Resonator
Figure 4.2.6 Close ring resonator (CRR).
-10
0 -20
_-3o
-40
~~,
-50
C
C
10 20 30 40 50 60 70 8
frequency/GHz
200
Phase of S1 1
Phase of S21
100-
100 IV V I
0
20 30 40 50 60 70 80
frequency/GHz
Figure 4.2.7 S-parameters from simulation of the structure shown in Figure 4.2.6.
We notice that the stopband at 23.4 GHz is no longer there compared to figure 4.2.3.
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Figure 4.2.8 Split ring resonator (SRR).
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Figure 4.2.9 S-parameters simulation from CST Microwave
ring with split.
Studio (MWS) for the single
By comparing the plots corresponding to the close ring with the one corresponding to the
split ring, it is equivalent to say that closing the gap in the ring removes the transmission
dip. However, not all transmission dip are due to a negative (p) as noticed in the above two
plots that the second band gap is present in both the close ring as well as the SRR. This
indicates clearly that the first band gap is due to p negative, since closing the gap destroy
the resonance effect and introduce cut-off because of p negative.
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4.2.4 Discussions of Results
10 80
From section 4.1.1 we derived the induced elements L, and C of the same structure using a
transmission line approach. In comparison to Figure 2.4.23 we can say that the split ring
resonator of our model has an equivalent circuit similar to that of figure 2.4.21. In order to
elucidate this point further we will look at the retrieval of their respective effective
parameters. On the one hand, the structure in figure 2.4.21 displays a stopband in its
transmission spectra at 23.4 GHz and the retrieval of the unit length parameters show a
negative inductance per unit length which is equivalent to p,<0 in the vicinity of the
resonant frequency 23.4 GHz, while its capacitance per unit length (es,) is >0 in the same
frequency range. Hence the cause of the stopband.
On the other hand, our proposed split ring resonator shown in figure 4.2.1 also displays the
same characteristics in its transmission spectra. From the S-parameters simulation results
(figure 4.1.3) we also notice a stopband in its transmission spectra at the same resonant
frequency. Using an inversion method, we retrieved the effective parameters of the
structure of figure 4.2.1, and comparing the results with those of figures 3.1.7 and 3.1.8, we
conclude that our proposed structure can be modeled as a transmission line loaded by a
resonant series connection of an inductance (area of the loop of the ring) and capacitance
(gap or split in the ring).
4.2.5 Retrieval
We perform a robust retrieval [16] of the effective parameters for the structure shown in
figure 4.1.3. At the stop band of 23.4 GHz, we can calculate the induced elements C, and L
by:
C = _tc .L = 1 (4.1.18)
g 4 rj C
With t = c =g = 0.2mm; fo = 23.4GHz
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Figure 4.2.10 Retrieval of effective parameters. Real part of permeability.
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Figure 4.2.11 Retrieval of effective parameters. Real part of permittivity.
We notice the magnetic resonance and electric anti-resonance at 23.4 GHz where p<0 and
&>O, hence a stopband. Therefore, the stopband is due to p negative.
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Chapter 5
Conclusion
Using transmission line approach we were able to derive the capacitance and inductance
per unit length, and also the line impedance. With a thorough analysis of transmission
lines, we were also able to model a real structure by analyzing its S- parameters obtained
from simulation (Microwave Studio), and compare them to those derived from our
transmission line equivalent circuit building blocks. Often times, resonators are modeled
by a combination of L-C circuits which is tedious to figure out what is the exact model,
whether a L-C series, parallel, a combination of the two, or a hybrid structure. Experience
has shown that it can be very tedious to get the correct model. Using a transmission line
approach has helped a great deal to find the accurate model by simply comparing the S-
parameters of the lump element circuit to that of the simulation of the real structure.
Since the electrical size is small in the sense that distances between loads were very small
compared to the wavelength of the electromagnetic wave, we were able to use the
effective medium model. In comparing real and imaginary parts of effective medium
quantities (permeability and permittivity), we found that the resonant behavior of the
effective magnetic permeability is coupled with an antiresonant behavior of the effective
permittivity and vice versa. In sum, we obtain the same results whether using the retrieval
method from the simulation of the real structure or using the equivalent transmission line
circuit by studying the dispersion and thereby get the per unit length parameters of the
effective line. This process could be generalized and applied to any waveguide structures
or strip-lines that support TEM waves.
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